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Introduction
Nitric oxide (NO) is an important mediator of physiologic and inflammatory processes in the lung. To better understand the role of NO in the airway, we examined constitutive NO synthase (NOS) gene expression and function in NCI-H441 human bronchiolar epithelial cells, which are believed to be of Clara cell lineage. NOS activity was detected by (3H]arginine to [3H]citrulline conversion (1,070±260 fmol/ mg protein per minute); enzyme activity was inhibited 91% by EGTA, consistent with the expression of a calcium-dependent NOS isoform. Immunoblot analyses with antisera directed against neuronal, inducible, or endothelial NOS revealed expression solely of endothelial NOS protein. Immunocytochemistry for endothelial NOS revealed staining predominantly in the cell periphery, consistent with the association of this isoform with the cellular membrane. To definitively identify the NOS isoform expressed in H441 cells, NOS cDNA was obtained by degenerate PCR. Sequencing of the H441 NOS cDNA revealed 100% identity with human endothelial NOS at the amino acid level. Furthermore, the H441 NOS cDNA hybridized to a single 4.7kb mRNA species in poly(A)+ RNA isolated from H441 cells, from rat, sheep, and pig lung, and from ovine endothelial cells, coinciding with the predicted size of 4.7 kb for endothelial NOS mRNA. Guanylyl cyclase activity in H441 cells, assessed by measuring cGMP accumulation, rose 6.6and 5.4-fold with calcium-mediated activation of NOS by thapsigargin and A23187, respectively. These findings indicate that endothelial NOS is expressed in select bronchiolar epithelial cells, where it may have autocrine effects through activation of guanylyl cyclase. Based on these observations and the previous identification of endothelial NOS in a kidney epithelial cell line, it is postulated that endothelial NOS may be expressed in unique subsets of epithelial cells in a variety of organs, serving to modulate ion flux and/or secretory function. (J. Clin. Invest. 1994 . 94:2231-2236.) Key words: airway * Clara cells * guanylyl cyclase * messenger RNA * polymerase chain reaction ologic and inflammatory processes in the lung. It is produced from L-arginine upon conversion to L-citrulline by the enzyme NO synthase (NOS) in a reaction which requires molecular oxygen. NOS is a family of enzymes which currently consists of three major isoforms. The neuronal and endothelial isoforms are believed to be constitutive in nature, while the third isoform originally studied in the macrophage is induced by a variety of cytokines ( 1) .
A role for NO in physiologic processes in the airway is suggested from both in vivo and in vitro studies. Inhaled gaseous NO and aerosolized NO-releasing compounds produce potent bronchodilation in guinea pigs (2) , and endothelium-derived NO relaxes tracheal smooth muscle in vitro (3) . In addition, endogenous NO gas is present in the exhaled air of animals and humans (4), and endogenous nitrogen oxides and bronchodilator S-nitrosothiols have been demonstrated in human airways (5) . Furthermore, air or helium embolization of the rabbit pulmonary artery does not alter exhaled NO concentrations, suggesting that the exhaled NO may be derived from the bronchial tree and not the pulmonary vasculature (4) .
There is indirect evidence that the epithelium may be a source of NO production in the airway. In the canine bronchial tree, the epithelium releases a relaxing factor which reduces contractile responses in larger airways and enhances relaxation responses in smaller airways (6) . Immunohistochemical studies in the rat using NADPH diaphorase staining indicative of NOS activity and antisera which recognize neuronal and endothelial NOS localize NOS to the airway epithelium (7, 8) . In human lung, it has been reported that NADPH diaphorase staining is evident throughout the airway epithelium but staining for constitutive NOS isoforms is negative, whereas large airway epithelium stains positive for inducible NOS (7) . There are preliminary reports of NOS expression and activity in cultured human airway epithelium (9, 10) , but the isoform(s) constitutively expressed in those cells has not been fully characterized.
The purpose of this investigation was to examine constitutive NOS gene expression and function in NCI-H441 human bronchiolar epithelial cells, which originated from a papillary adenocarcinoma (11, 12) . Experiments were performed to address the following questions: (a) Is NOS activity present in human bronchiolar epithelial cells?; (b) Which NOS isoform(s) is expressed?; and (c) Does NO have autocrine effects in bronchiolar epithelium? Methods H441 cell culture. NCI-H441 cells (passages 4-1 1, ATTC) were propagated in RPMI medium containing 10% fetal calf serum, 1% L-glutamine, 1% antibiotic/antimycotic mixture, 0.5% ampicillin, 0.15% Nystatin, 0.15% Gentamycin, and 0.10% Tylosin in a humidified incubator with 5% CO2 in air at 37°C. These cells exhibit epithelial morphology, Clara cell granules and lamellar bodies are evident by electron microscopy, and they express the major surfactant apoproteins SP-A, SP-B, and SP-D, indicating that they are most likely of Clara cell lineage (12) (13) (14) . The use of this continuous cell line allows for specific examination of epithelial cell NOS expression and function without contamination by resident macrophages or endothelial cells which are present in primary cell cultures.
NOS activity. Subconfluent H441 cells washed with ice-cold PBS (100 mM NaCl, 25 mM NaH2PO4, 80 mM Na2HPO4, pH 7.5) were pelleted and resuspended in ice-cold 50 mM Tris buffer (pH 7.4) containing 1.0 mM EDTA, 5 mM mercaptoethanol, 10 Mg/ml pepstatin A, 10 ,tg/ml leupeptin, 90 Mg/ml phenylmethylsulfonyl fluoride, and 1.0 ,uM tetrahydrobiopterin. The cells were disrupted by freeze-thawing in liquid nitrogen. NOS activity in the preparation was determined by measuring the conversion of [3H ] arginine to [3H] citrulline ( 15 ) . 50 ILI of cell preparation was added to 50 ul of buffer yielding final concentrations of reagents as follows: 2 mM beta-NADPH, 2 MM tetrahydrobiopterin, 10 MM flavin adenine dinucleotide, 10 1iM flavin mononucleotide (FMN), 0.5 mM CaCl2 in excess of EDTA, 15 nM calmodulin, 2 HM cold L-arginine, and 2.0 MCi/ml [3H]L-arginine. After incubation at 37°C for 30 min, the assay was terminated by the addition of 400 I1 of 40 mM Hepes buffer, pH 5.5, with 2 mM EDTA and 2 mM EGTA. The terminated reactions were applied to 1-ml columns of Dowex AG50WX-8 (Tris form) and eluted with 1 ml of the 40 mM Hepes buffer.
[3H]Citrulline was collected in scintillation vials and quantified by liquid scintillation spectroscopy. NOS activity was evaluated in the presence and absence of 2.0 mM nitro-L-arginine methyl ester (L-NAME). NOS activity was also assayed in ovine fetal pulmonary artery endothelial cells (PAEC) to serve as a positive control ( 16) . In preliminary experiments, NOS activity was linear with time for up to 1 h.
Immunoblot analysis and immunocytochemistry. The methods used for immunoblot analysis generally followed those we have reported previously (17) . Subconfluent H441 cells were harvested in ice-cold PBS, pelleted, resuspended in 50 mM KH2PO4 buffer (pH 7.8) containing 250 mM mannitol, 5 mM disodium EDTA, 0.1 mM diethyldithiocarbamate, 0.1 mM indomethacin, and 1% Tween 20, and ultrasonically disrupted (Branson Ultrasonics Corp., Danbury, CT). The protein content of the preparation was determined by the method of Bradford (18) using bovine serum albumin as the standard. SDS-PAGE was performed on 100-200 Hg protein with 7% acrylamide using the method of Laemmli ( 19) , and the proteins were electrophoretically transferred to nitrocellulose filters. The filters were blocked for 1.5 h in buffer containing 150 mM NaCl and 10 mM Tris (pH 7.5) with 0.5% Tween 20 and 5% dried milk, and incubated overnight at 4°C with primary antisera generated to peptides unique to either neuronal, inducible, or endothelial NOS. The antisera were directed against the COOH-terminal peptide ESKKDTDEVFSS of human neuronal NOS (20), a mid-molecule peptide of murine inducible NOS (Lowenstein, C. J., G. Allen, N. Rose, S. H. Snyder, and A. Herskowitz, manuscript submitted for publication), or the mid-molecule peptide PYNSSPRPEQHKSYK of endothelial NOS, which corresponds to a conserved epitope identical in sequence between bovine and human (21, 22) . The antiserum to inducible NOS was the kind gift of Dr. Charles Lowenstein (Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD).
After incubation with primary antiserum, the nitrocellulose filters were washed with the 150 mM NaCl buffer with Tween 20 and incubated for 1.5 h with a 1:5,000 dilution of a donkey anti-rabbit Ig antibody horseradish peroxidase conjugate (Amersham International, Buckinghamshire, United Kingdom). The filters were washed in the 150 mM NaCl buffer with Tween 20, and the bands for NOS were visualized by chemiluminescence (ECL Western blotting analysis system; Amersham International). Homogenates from rat cerebellum, from LPS-stimulated murine macrophages, and from ovine PAEC were used as positive controls for neuronal, inducible, and endothelial NOS protein, respectively. Immunocytochemistry was performed on preparations of the H441 cells to further localize the NOS within the cells and to confirm that the NOS detected by immunoblot analysis was not derived from contaminating cells. Staining for endothelial NOS protein was performed on 100% ethanol-fixed cytospin preparations and ethanol-formalin-fixed cell block preparations embedded in paraffin and routinely processed for light microscopy. After treatment with 3% hydrogen peroxide to block endogenous peroxidases, sections were incubated overnight with a 1:200 dilution of primary endothelial NOS antiserum. Specific binding was detected using biotinylated anti-mouse and anti-rabbit immunoglobulin and peroxidase-conjugated streptavidin (Dako Corp., Carpinteria, CA). Slides were counterstained with hematoxylin. Negative control sections incubated in preimmune rabbit serum or 0.5 M Tris-buffered saline were run concurrently. Cultured ovine PAEC served as a positive control. To confirm the specificity of the staining, in selected sections 100 ,ug/ml of the purified endothelial NOS peptide was added to the immune serum before incubation to adsorb the endothelial NOS antibody. To confirm that endothelial cell contamination was not present in the H441 cultures, deparaffinized cell block sections were immunostained with antisera directed against the endothelial cell markers Factor VIII-related antigen (BioGenex Labs, San Ramon, CA) and Ulex europaeus agglutinin I lectin (Vector Labs, Inc., Burlingame, CA) using avidin-biotin methodology as described above (23) . Sections of ovine PAEC were run concurrently as positive controls for endothelium.
Degenerate PCR for H441 NOS cDNA. Total cellular RNA was obtained and purified from subconfluent H441 cells by a single extraction method with an acid guanidinium thiocyanate-phenol-chloroform mixture ( 17, 24) . cDNA was made from 5 i.g of total RNA using oligo (dT)15 (Promega Corp., Madison, WI) and Moloney murine leukemia virus reverse transcriptase (GIBCO BRL, Gaithersburg, MD) as described previously (25) . Regions of high homology in the FMN binding domain and in the NADPH binding domain were selected on the basis of published rat neuronal NOS (26), murine inducible NOS (27) , and human endothelial NOS (22) sequences for the design of fully degenerate oligonucleotide primers (25) . The FMN and NADPH binding domains are on exons 16 and 23, respectively, of the human endothelial NOS gene (28) . The (17) and RNA from sheep PAEC were used as positive controls. In selected samples of H441 RNA, the reverse transcriptase was omitted to control for amplification from contaminating cDNA or genomic DNA. A single PCR product of the appropriate size was digested with EcoRI and XbaI and was subcloned full-length into pBluescript (Stratagene, La Jolla, CA). The nucleotide sequence of four clones was determined using sequenase (United States Biochemical Corp., Cleveland, OH).
Northern analysis. The mRNA species hybridized by H441 NOS cDNA was characterized by Northern analysis of RNA isolated from H441 cells, from pig, sheep, and rat lung, and from ovine fetal PAEC. Total RNA was subjected to oligo-dT affinity chromatography to obtain poly(A) + RNA (29) . The poly(A) + RNA was size-fractionated on 1.0% agarose formaldehyde gels and transferred to nylon membranes. The quantity of poly(A)+ RNA used ranged from 5 to 15 ,ug. The RNA was cross-linked to the membranes by ultraviolet irradiation. After prehybridization, the membranes were hybridized overnight at 420C in the presence of random-primed 32P-labeled H441 NOS cDNA (1.2 kb). After hybridization, the blots were washed, and autoradiography was NOS protein (Fig. 2) . Similar observations were made in three independent experiments. Neuronal and inducible NOS proteins were not detected (results not shown).
Immunohistochemical staining for endothelial NOS protein detected the protein predominantly in the periphery of most H441 cells in the cytospin and cell block preparations ( Fig. 3  A) . Staining was blocked when the antiserum was preincubated with the endothelial NOS peptide, and it was also absent in slides incubated with preimmune serum or buffer (results not shown). Cultured ovine endothelial cells also exhibited periphperformed. Northern analysis for neuronal NOS and for endothelial NOS (17) was also performed on poly(A)+ RNA from the H441 cells.
H441 cell guanylyl cyclase activity. H441 cell guanylyl cyclase activity was assessed by determining the accumulation of cGMP, using methods similar to those used previously in studies of vascular smooth muscle cells (16) . Subconfluent cells grown in 24-well plates were washed with Locke's solution, 324 mosM, pH 7.4, containing 154 mM NaCl, 5.6 mM KCI, 2 mM CaCl2, 1 mM MgCl2, 3.6 mM NaHCO3, 5.6 mM glucose, and 10 mM Hepes. The cells were preincubated at 37'C for 10 min in Locke's solution containing the phosphodiesterase inhibitor isobutylmethylxanthine (IBMX) (0.5 mM). The preincubation solution was replaced with fresh Locke's solution with IBMX to initiate a 5-min incubation performed at 37'C. Control cells were incubated with IBMX alone. Endogenous NOS activity was stimulated with either thapsigargin (10 1M), which releases intracellular calcium stores (30), or with the calcium ionophore A23187 (10 MM). The effect of exogenous NO was examined in incubations with IBMX plus sodium nitroprusside (300 ,M) (31) . In selected studies, the effect of NOS inhibition was examined by the addition of 2 mM L-NAME. The incubations were terminated by removing the incubation buffer and placing ice-cold 0.1 M acetic acid, pH 3.5, into the wells. Sodium acetate, 0.1 M, pH 12, was added 15 min later, and cGMP content in the supernatant was determined by radioimmunoassay as performed previously (32) .
Results
NOS activity. Constitutive NOS activity of 1,070±260 fmol/ mg protein per minute was detectable in H441 cells (Fig. 1) . The level of activity was 2% of that measured in positive control endothelial cells (52.4±3.9 pmol/mg protein per minute) studied in the same experiment. NOS activity in the H441 cells was inhibited 91% by calcium chelation with 2.5 mM EGTA; 99% inhibition was evident in the endothelial cells. Comparable findings were obtained in three separate experiments. NOS activity in both cell types was fully inhibited by L-NAME (results not shown).
Immunoblot analyses and immunocytochemistry for NOS. Immunoblot analyses were performed with antisera directed against unique peptide sequences of either neuronal, inducible, or endothelial NOS to further characterize the NOS expressed in the H441 cells. Immunoblots were positive for endothelial Figure 3 . Immunocytochemistry for endothelial NOS protein in H441 human bronchiolar epithelial cells (A, X280). Staining for endothelial NOS is evident predominantly in the cell periphery. Staining was blocked when the antiserum was preincubated with the endothelial NOS peptide to which the antiserum was directed, and it was also absent in specimens incubated with preimmune serum or buffer (not shown eral immunoreactivity for the endothelial NOS antiserum (results not shown). Immunoreactivity was not detected in H44 1 cell preparations stained for the endothelial markers Factor VIII-related antigen (Fig. 3 B) and Ulex europaeus agglutinin I lectin (results not shown). The concurrently run positive control preparations of ovine endothelial cells showed abundant immunoreactivity for these markers (results not shown). Cloning of H441 NOS cDNA and Norther analysis. NOS cDNA was obtained by degenerate PCR to identify the NOS isoform(s) expressed in the H441 cells at the molecular level. A single 1.2-kb degenerate PCR product was obtained from rat endothelial NOS cDNA and cDNA derived from sheep PAEC serving as positive controls, as well as from the H441 cells (Fig. 4) . PCR products were not obtained when reverse transcriptase was omitted. After subcloning, sequencing of over 400 bp of H44 1 NOS cDNA from multiple clones revealed 100% identity with human endothelial NOS at the amino acid level (22) . The mRNA species hybridized by H441 NOS cDNA was then characterized by Northern analysis. The H441 NOS cDNA hybridized to a single 4.7-kb mRNA species in the H441 cells (Fig. 5 ). H441 NOS cDNA also hybridized to a single 4.7-kb mRNA species in rat, sheep, and pig lung, and in ovine fetal pulmonary artery endothelial cells (Fig. 6 ). Northern analysis for neuronal NOS on poly(A)+ RNA from the H441 cells was negative, whereas probing for endothelial NOS was positive (results not shown). All observations made by Northern analysis were replicated in triplicate.
Guanylyl cyclase activity. The potential for autocrine function of endogenous NO was evaluated by measuring H441 cell guanylyl cyclase activity. Guanylyl cyclase activity was detectable in the H441 cells and it increased 6.6-fold with thapsigargin and 5.4-fold with A23187 stimulation (Fig. 7) . Activity with°6 . Guanylyl cyclase activity in H441 human bronchiolar epithelial cells. Cyclic GMP accumulation was measured in cells incubated for 5 min with the phosphodiesterase inhibitor IBMX (control), with thapsigargin (10 1iM) plus IBMX, with A23187 (10 pM) plus IBMX, or under those conditions in the presence of L-NAME (2 mM). Mean±SEM, n = 6; *P < 0.05 versus control; tP < 0.05 versus without L-NAME. Comparable findings were obtained in three separate experiments.
LUNG PAEC -4.7 kb either thapsigargin or A23 187 was fully inhibited by L-NAME. Guanylyl cyclase activity increased 7,127±317% with sodium nitroprusside (n = 6, P < 0.05), and this response was not altered by L-NAME (6,540+192%, n = 6, P < 0.05). Comparable findings were obtained in three independent experiments.
Discussion
In this study we examined NOS gene expression and function in NCI-H441 human bronchiolar epithelial cells. We have shown that there is constitutive NOS activity in this cell line due to the expression of the endothelial isoform of the enzyme. To our knowledge, this is the first demonstration of endothelial NOS expression in a nonendothelial pulmonary cell. We first observed that NOS enzymatic activity in the H441 bronchiolar epithelial cells is calcium dependent, consistent with the expression of either neuronal or endothelial NOS, or a not yet described calcium-calmodulin-dependent isoform. Immunoblot analyses with antisera directed against unique peptide sequences of the three major isoenzymes further revealed that the NOS isoform expressed in the epithelial cells shares epitope(s) with or is identical to endothelial NOS. Immunocytochemistry for endothelial NOS revealed staining predominantly in the periphery of the H441 cells, consistent with the primary association of this isoform with the cellular membrane (21) . Northern analysis with the H441 NOS cDNA obtained by degenerate PCR yielded a single 4.7-kb mRNA species not only in the H441 epithelial cells but also in whole lung from three animal species and in cultured ovine fetal PAEC, coinciding with the predicted size of 4.7 kb for endothelial NOS mRNA (22) . Sequencing of the H441 NOS cDNA then precisely identified the isoform expressed in the human epithelial cells to be endothelial NOS (22) .
The expression of NOS in airway epithelium has been explored previously by immunohistochemical methods. In the rat, Schmidt et al. (8) revealed immunostaining of airway epithelium using an antiserum raised against purified neuronal NOS that was reportedly specific to that isoform. Consistent with those findings, Kobzik et al. (7) found NADPH diaphorase staining indicative of NOS activity and immunostaining with antiserum which recognized both neuronal and endothelial NOS. In human lung, Kobzik et al. (7) noted NADPH diaphorase staining throughout the airway epithelium but staining for neuronal and endothelial NOS was negative, whereas large airway epithelium stained positively for inducible NOS. In this study we have used molecular techniques to definitively demonstrate endothelial NOS expression in a human bronchiolar epithelial cell line that is most likely of Clara cell lineage (11) (12) (13) (14) . Our findings contrast with preliminary reports of neuronal NOS expression and activity in primary cultured human bronchial epithelial cells as well as SV40-transformed human bronchial epithelial cells (BEAS-2B) (9, 10) . Based on these cumulative observations, we conclude that Clara cells express endothelial NOS and that other specific subpopulations of airway epithelium may express neuronal NOS in a constitutive manner. Further studies using in situ hybridization will be required to obtain more definitive information regarding the isoform specificity and the cell specificity of airway epithelial NOS gene expression in vivo.
A physiologic role for NO in the regulation of bronchomotor tone is suggested by the results of both in vitro and in vivo investigations. First, there is evidence that NO is present in the airway in that endogenous NO gas is detectable in the exhaled air of animals and humans (4), and endogenous nitrogen oxides and bronchodilator S-nitrisothiols have been detected in human bronchioalveolar lavage fluid and tracheal aspirate (5) . It appears that the exhaled NO may be derived from airway cells and not vasculature because its abundance is not altered after embolization of the pulmonary circulation (4) . Second, there is in vitro evidence that NO relaxes airway smooth muscle. Stuart-Smith and Vanhoutte (6) demonstrated in the canine bronchial tree that epithelium removal causes a leftward shift of constriction response curves to agents such as acetylcholine. Buga and co-workers (3) demonstrated that endothelium-derived NO and NO from donor compounds relax bovine tracheal smooth muscle. Third, there is in vivo evidence that NO plays a role in the modulation of bronchomotor tone. Inhaled gaseous NO and aerosolized NO-releasing compounds produce bronchodilatation in guinea pigs (2) , and the bronchoconstrictor effects of histamine are augmented after nebulized or intravenous administration of L-NAME (33, 34) . The findings of the present investigation suggest that endothelial NOS expressed constitutively in certain airway epithelial cells is at least one source of endogenous NO which may function in a paracrine fashion to modulate bronchomotor tone. Although we observed that NOS activity is considerably less in pulmonary epithelial versus endothelial cells, the absence of hemoglobin may prolong the half-life of NO in the airway compared with in the vasculature under normal conditions. In this investigation, we also determined whether NO has autocrine effects in bronchiolar epithelium. We found that guanylyl cyclase activity is detectable in the H441 epithelial cells, and it increases markedly with the activation of endogenous NOS or the provision of exogenous NO. Cyclic GMP is an important modulator of intracellular calcium homeostasis (35) , which regulates ion transport across Clara cells (36) . As such, endothelial NOS may play an important autocrine role in airway epithelial cell ion flux. It has been reported recently that the tracheal instillation of NO in late gestation fetal lambs decreases lung liquid secretion (37) , suggesting that such a mechanism may be active in vivo. In addition, since NO serves as a secretagogue in other cell types (38), it may also be involved in Clara cell secretion of the major surfactant apoproteins SP-A, SP-B, and SP-D, or the 10-kD Clara cell secretory protein which has immunomodulatory and antiinflammatory properties (12, 13, 39) . Furthermore, since Clara cells serve as progenitors for both nonciliated and ciliated airway epithelium (14) and NO modulates the growth of other cell types such as vascular smooth muscle (40) , endothelial NOS may also play a role in the regulation of the growth and differentiation of both normal and neoplastic airway epithelium. A degree of caution may be warranted, however, in the direct extrapolation of the present findings in a continuous cell line to processes in airway epithelum in vivo.
The present observation of endothelial NOS gene expression in airway epithelium also adds to our understanding of epithelial cells in general. Tracey et al. (41) recently reported the identification of an endothelial-like NOS in LLC-PKI kidney epithelial cells. There is considerable evidence suggesting that a kidney epithelial NOS may be critically involved in the regulation of renal function (42) (43) (44) . As in the airway, however, the epithelial cells of the kidney tubule are not a homogeneous population. Based on the present findings and those of Tracey and co-workers (41), we postulate that endothelial NOS may be expressed in unique subsets of epithelial cells in a variety of organs, serving to modulate ion flux and/or secretory function.
